Abstract: An organic primer pigmented with strontium aluminium polyphosphate for the corrosion protection of zinc alloy coated steel was investigated by electron microscopy and electrochemical impedance spectroscopy after exposure to sodium chloride solution. The development of defects within the organic coating was found to be related to the solubility of the pigment, which resulted in two conflicting effects. On the one hand, the inhibitive species released from the solid pigment reduced the corrosion rate of the metal substrate by formation of precipitated products containing zinc, strontium, aluminium, phosphorus and oxygen. On the other hand, the dissolution of the inhibitive pigment resulted in porosity in the coating that created easy pathways not only for the inhibitors to reach the substrate but also for the aggressive species to 2 migrate inwards to the metal surface and, importantly, for the transport of corrosion products outwards.
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Introduction
Organic coatings are widely used to protect metallic materials [1] [2] [3] . Such coatings provide barrier and active protection to the metal substrate mainly through the organic binder and inorganic pigments/fillers. The polymer binder and barrier fillers together contribute to the barrier protection of the metal substrate, while active protection is achieved by incorporation of corrosion inhibitive pigments [4] [5] [6] [7] . Phosphate and polyphosphate inhibitive pigments, which are combined with one or more cations of zinc, calcium, aluminium, lithium, magnesium and strontium [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] , are commonly used to replace traditional chromate-containing pigments that are environmentally hazardous and carcinogenic. These phosphate or polyphosphates pigments are assumed to be sparingly soluble in water but release free ions that protect the metal substrate at locations of coating damage by passivating the exposed metal or by otherwise forming a protective, precipitated, salt film. Hence, the solubility of corrosion inhibitive pigments plays a significant role in the protection of metal substrates. The low water solubility of the zinc phosphate pigment is suggested to be responsible for its relatively poor corrosion inhibition properties [17] in epoxy/polyamide coatings for protection of steel
substrates. Zinc aluminium polyphosphate shows better corrosion inhibition properties compared with conventional zinc phosphate, which is attributed to an increased solubility [17] . Further, strontium aluminium polyphosphate has also revealed greater inhibitive properties again with increased water solubility [21, 23] . Strontium aluminium polyphosphates (SAPP) have been studied on steel substrates [12, 21, 22, 23] and are able to reduce the corrosion rate, assessed by electrochemical impedance and polarisation behaviour, both in solution extracts and in pigmented organic coatings.
Although the use of strontium aluminium polyphosphate has been studied on steel substrates, little information is available to date on applications for zinc and zinc-alloy coated coiled steel. In the present study, a model coil coating primer, comprised of a polyester binder and pigmented with strontium aluminium polyphosphate, applied on zinc alloy coated steel was studied using electrochemical impedance spectroscopy (EIS) and scanning electron microscopy (SEM). The measurement of impedance over a large frequency range provides information about various processes involved, including coating degradation and metal corrosion [24] [25] [26] [27] [28] . Such information was obtained by simulation of measured data using an equivalent circuit, in which coating properties are associated with high frequency circuit components, with coating damage and undercoating corrosion associated with low frequency impedance components. Further, electron microscopy together with energy dispersive X-ray analysis provides observation of the physical and chemical changes of the coated system during degradation. Thus, via EIS measurements of the coil coated system, and direct observation of organic primer degradation by SEM, the overall corrosion protection behaviour to the metal substrate by the primer coating pigmented with strontium aluminium polyphosphate inhibitor has been revealed.
Experimental
A model binder system was formed using a linear polyester resin (Dynapol LH 820-16 give a wet-film thickness of 24 µm. The coated steel panels were subsequently cured at a temperature of 300 ºC for 1 min and then water quenched at room temperature. After curing, the average thickness of the coating was about 5 µm. The electrochemical impedance measurements were carried out using a three-electrode cell with a working electrode of exposed area 1.8 × 2 cm, a cylindrical platinum counter electrode and a saturated calomel reference electrode (SCE). The samples were exposed in 0.6 M NaCl solution, made from analytical grade chemicals and deionised water, held at room temperature. Impedance measurements were conducted at the free corrosion potential using a Gamry Reference 600 Potentiostat (Gamry Instrument), with a 10 mV sine amplitude and a frequency range from 0.1 Hz to 10 5 Hz. Separate samples after immersion for 1, 7, and 57 days were rinsed in deionised water and dried in a cool air stream before SEM examination. Surface and cross sectional examinations of organic primer and zinc alloy coated steel before and after immersion in 0.6 M sodium chloride solution were carried out by scanning electron microscopy (SEM) using a ZEISS Ultra 5 FEGSEM with focused ion beam (FIB) facilities. The cross sections of the zinc alloy coated steel were also examined by transmission electron microscopy (TEM) using a JEOL FX 2000 II instrument operated at 120 kV, with a nominal sample thickness of 15 nm prepared by a Leica EM UC6 ultra-microtome with a diamond knife.
Results

Electron microscopy examination
The SAPP particles used as corrosion inhibitive pigments in the organic coating were examined by scanning electron microscopy ( Fig. 1 a) , which showed them to be of silicon, oxygen, and phosphorus was found by cross sectional examination of the zinc alloy employing transmission electron microscopy ( Fig. 2 b) and EDX analysis.
After organic coating had been applied, the surface of the zinc alloy coated steel did not appear smooth, with random distribution of protruded substances (Fig. 3 a) . Cross sectional examination showed that these protrusions were associated with large sized SAPP pigment particles, or particle clusters, appearing as lighter regions in the organic primer of darker appearance (Fig. 3 b) . The organic primer, of 5 µm average thickness, also contained fine, circular titanium dioxide particles, of 30-100 nm dimensions (Fig. 3 b). The conversion film beneath the organic primer in the cross sections was not readily observed by SEM due to the nano-scale thickness. Further, the cross sectional examination by SEM also showed that the zinc alloy layer had a rough surface profile, which resulted in the variation of local thickness, from 8-12 µm (Fig. 3 b) . The interface between the zinc alloy coating and the steel substrate is also clearly revealed in Fig. 3 b.
The surface and cross section of zinc alloy coated steel with organic primer after immersion in 0.6 M NaCl for 1 day is displayed in Fig. 4 . Most of the coating surface is similar to that before immersion (Fig. 4 a) . Small cavities were evident in some locations, indicated by the arrows A and B in Fig. 4 a. These cavities coincided with protruded pigments, although not all protruded pigments developed cavities. Several locations with or without cavities were examined by sequential sectioning of the regions using ion beam. Fig. 4 b displays the cross section from the position indicated by a line in Fig. 4 a, which captured two protruded pigments, with one having developed a cavity (cavity A). It is revealed that cavity A was associated with the dissolution of a pigment particle in the organic primer (Fig. 4 b) . EDX analyses showed that protruded pigments where cavities did not develop contained a high proportion of aluminium, while the residual pigment where cavity developed was rich in strontium, as displayed in Figs. 4 c and d respectively.
For the coated sample after immersion in 0.6 M NaCl for 7 days, dark regions were developed at the periphery of the cavities (Figs. 5 a-b) . EDX analysis in location C in Fig. 6 c showed that the corrosion products that developed near the interface beneath the primer and the conversion film contained mainly zinc, aluminium, and oxygen, with low contents of strontium and phosphorus (Fig. 6 e) . Further, the large cavities that resulted from the dissolution of the SAPP have been filled with zinc-containing corrosion products (Fig. 6 d) . These cavity-filling corrosion products in the primer contain high levels of strontium and phosphorus, along with the zinc, aluminium and oxygen, as shown by EDX (Fig. 6 f) .
Electrochemical impedance spectroscopy evaluation
The corrosion resistance of the zinc alloy coated steel with organic primer after immersion in 0.6 M NaCl was evaluated by electrochemical impedance spectroscopy 8 (EIS). Selective impedance spectra at the beginning of immersion and after immersion for 1 day, 7 days, and 57 days, correlating to the samples examined by electron microscopy, are displayed in Fig. 7 , with circular, square, triangular and cross markers representing the measured values of EIS spectra immediately on immersion, after 1 day, after 7 days, and after 57 days immersion respectively. The solid lines are the fitted simulation data, which will be explained further.
Interpretation of the impedance spectra was made by fitting the data using equivalent circuits. The proposed circuits after different immersion times are shown in Figs. 8 a-d, which represent the undamaged primer coated sample (Fig. 8 a) at the beginning of immersion, initial dissolution of the inhibitor after 1 day (Fig. 8 b) , significant dissolution of the inhibitor and revealing the resistance from conversion film after 7 days (Fig. 8 c) , and the damage to both primer and conversion film ( greater than 80º, indicating a very good barrier provided by the organic primer (Fig. 7 b). The spectrum was well represented by a parallel circuit of low CPE with a high resistance (Fig. 8 a) , as shown with solid lines in in Fig. 7 a and b , as well as in Table 1, indicating the initial primer coating provided a very good barrier protection to the zinc alloy coated steel.
After 1 day of immersion, the impedance magnitude decreased to the order of 10 6 ohm cm 2 at the low frequency of 0.1 Hz (Figure 7 a) , accompanied by the reduction of the frequency range for high phase angle (now from 10 5 to 10 2 Hz), indicating a significant reduction of coating resistance due to damage of the barrier developed in the organic primer (Fig. 7 b) . The EIS spectrum showed a single time constant with a tail from the Bode-phase plot, which can be fitted with the equivalent circuit of Fig. 8 b, which simulated the property of primer coating with CPE primer and R pore . The tail of the spectrum can be considered to represent the impedance from the conversion film and under-film corrosion and can be represented with a Warburg resistance, as shown in showed a relatively good corrosion resistance at the immersion time of 7 days, as the phase angle was sustained and slightly increased at the value above 25º at low frequency range below 10 Hz. The equivalent circuit for such a process is represented in Fig. 8 c, which showed a significant reduction of resistance from the primer coating.
In this stage, the conversion film played a significant role in the corrosion protection of the zinc alloy coated steel.
After immersion for 57 days, the impedance modulus at low frequency was in the order 
Discussion
The combined electrochemical evaluation and microscopic observation has advanced the understanding of the degradation process of the organic primer coating and the protection to the zinc alloy offered by coatings and SAPP inhibitor when exposed in 0.6 M NaCl solution.
The dissolution of SAPP in the primer coating resulted in the reduction of barrier protection to zinc alloy coated steel, evident by the reduction of impedance during the first day of immersion. Simulation of the impedance showed the increase of CPE primer was accompanied by the reduction of R pore , which can be correlated to the observation of the through-thickness cavity formation during dissolution of SAPP pigments. Finally, it appears that the strontium to aluminium molar ratio may control the release of the corrosion inhibitor. Thus, higher strontium to aluminium molar ratios resulted in greater cavity formation (i.e. faster release of the SAPP inhibitor), while few or no cavities were evident with SAPP of low strontium to aluminium molar ratio.
Concluding remarks
The dissolution/leaching of strontium aluminium polyphosphate resulted in two conflicting effects on the corrosion protection of the organic primer on the zinc alloy coated steel. On the one hand, the dissolution of the corrosion inhibitive pigment disrupted the integrity of the coating. Consequently, large cavities and connected porosity network generated by the dissolution of the corrosion inhibitive pigment provide easy pathways for the aggressive species to reach the substrate. On the other hand, the dissolved SAPP delivered active protection to the zinc alloy, which retarded the corrosion. Further, insoluble corrosion product, or precipitated inhibitive salt film, appears to form by the reaction of the zinc alloy and the SAPP, which evidently filled the cavities left by the dissolution of SAPP, consequently, providing barrier protection to the metal substrate. 
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